1. Coinfections are increasingly recognized as important drivers of disease dynamics. Consequently, greater emphasis has been placed on integrating principles from community ecology with disease ecology to understand within-host interactions among parasites. Using larval amphibians and two amphibian parasites (ranaviruses and the trematode Echinoparyphium sp.), we examined the influence of coinfection on disease outcomes. 2. Our first objective was to examine how priority effects (the timing and sequence of parasite exposure) influence infection and disease outcomes in the laboratory. We found that interactions between the parasites were asymmetric; prior infection with Echinoparyphium reduced ranaviral loads by 9% but there was no reciprocal effect of prior ranavirus infection on Echinoparyphium load. Additionally, survival rates of hosts (larval gray treefrogs; Hyla versicolor) infected with Echinoparyphium 10 days prior to virus exposure were 25% greater compared to hosts only exposed to virus. 3. Our second objective was to determine whether these patterns were generalizable to multiple amphibian species under more natural conditions. We conducted a semi-natural mesocosm experiment consisting of four larval amphibian hosts [gray treefrogs, American toads (Anaxyrus americanus), leopard frogs (Lithobates pipiens) and spring peepers (Pseudacris crucifer)] to examine how prior Echinoparyphium infection influenced ranavirus transmission within the community, using ranavirus-infected larval wood frogs (Lithobates sylvaticus) as source of ranavirus. Consistent with the laboratory experiment, we found that prior Echinoparyphium infection reduced ranaviral loads by 19 to 28% in three of the four species. 4. Collectively, these results suggest that macroparasite infection can reduce microparasite replication rates across multiple amphibian species, possibly through cross-reactive immunity. Although the immunological mechanisms driving this outcome are in need of further study, trematode infections appear to benefit hosts that are exposed to ranaviruses. Additionally, these results suggest that consideration of priority effects and timing of exposure are vital for understanding parasite interactions within hosts and disease outcomes.
Introduction
The emergence of infectious diseases has led to an increase in research focusing on how biodiversity influences disease dynamics (Keesing et al. 2010; Johnson et al. , 2013 . To date, research has largely focused on the influence of free-living diversity on disease relationships (Johnson, Ostfeld & Keesing 2015a) . While this research has revealed positive (i.e. dilution effect) and negative effects (i.e. amplification) of free-living diversity on disease risk, the diversity of parasites in communities can also play a role in disease risk (Ezenwa & Jolles 2011; . Multiple parasites are frequently present in wild populations, thereby increasing the likelihood of coinfection within hosts (Pedersen & Babayan 2011; Hoverman et al. 2012) . Moreover, coinfecting parasites are likely to directly (e.g. competition for space or resources) or indirectly (e.g. cross-reactive immunity, immune suppression) interact within a host to influence infection outcomes and host pathology (Cox 2001; Telfer et al. 2010 ; L opez-Villavicencio et al. 2011).
Consequently, the infection and replication success of parasites can be altered, which has important implications for host pathology and transmission (Pedersen & Fenton 2007) . Thus, there is a need for studies that explore the effects of coinfection on disease dynamics.
The sequence and timing of species addition to communities (i.e. priority effects) play important roles in understanding the outcome of species interactions and community structure (Connell & Slatyer 1977; Wilbur & Alford 1985) . While priority effects have largely been explored in free-living communities, they also can occur in parasite communities (Graham et al. 2007; Hoverman, Hoye & Johnson 2013) . When two parasites enter a host simultaneously, the host's immune system may have insufficient time to mount defences against either parasite resulting in minimal changes in the infection success of each parasite (Abbas, Murphy & Sher 1996; Cox 2001) . However, as temporal separation between exposures to parasites increases, activation of the host's immune system is more likely to occur (e.g. immune system priming), which can influence the success of the later arriving parasites (Abbas, Murphy & Sher 1996; Cox 2001) . Thus, incorporating priority effects into disease ecology can expand our understanding of how parasite species interact within hosts and the consequences of these interactions for disease dynamics (Graham et al. 2007) .
Amphibians are useful study systems to explore how coinfections and priority effects influence disease outcomes. A wide variety of parasites infect amphibians including viruses, helminths, fungi and bacteria (Densmore & Green 2007) . Moreover, there is increasing evidence that multiple parasites co-occur in amphibian communities and that coinfections are common within hosts (Johnson & Buller 2011; Hoverman et al. 2012) . Ranaviruses and echinostomes are two common parasites in amphibian communities Huffman & Fried 2012) . Echinostomes and ranavirus were detected in >65% of sampled wetlands in the East Bay Region of California and co-occurred at 53% of the wetlands . Moreover, coinfections were detected in 13% of tested individuals (n = 1558) in this system (B.J. Tornabene, A.R. Blaustein, C.J. Briggs, J.R. Rohr, P.T.J. Johnson & J.T. Hoverman, unpublished data). Ranaviruses infect ectothermic vertebrates and have been implicated in mortality events across the globe (Duffus et al. 2015) . They cause cell death within the liver, kidney and spleen often resulting in host mortality (Gray, Miller & Hoverman 2009 ). Echinostomes (e.g. Echinostoma trivolvis, Echinoparyphium sp.) are widespread trematodes that use larval amphibians as intermediate hosts, encysting within their kidneys (Smyth & Halton 1983; Huffman & Fried 2012) . As with other macroparasites, host pathology (e.g. haemorrhaging, oedema and mortality) is dose-dependent (Huffman & Fried 2012) .
Here, we examined the influence of parasite interactions on disease outcomes in laboratory experiments and a mesocosm study. Our first objective was to examine how the sequence and timing of parasite exposure influenced infection success and disease outcomes in a single host species. Our second objective was to determine whether the patterns identified for a single host species in the laboratory scale up to more natural conditions (e.g. mesocosms) for an amphibian assemblage. Given that echinostomes and ranaviruses represent macroparasites and microparasites, respectively, it is unlikely that they directly interact with one another via competition for space or resources within the host. While both parasites can infect the kidneys, echinostomes form cysts that do not remove tissue. As such, tissue cells would still be available for virus infection and replication. Moreover, ranaviruses can infect other host tissues (e.g. liver, spleen and intestines) that are not targeted by echinostomes. While direct interactions seem unlikely, ranavirus and echinostomes may indirectly interact via the immune system, which could incur tradeoffs leading to parasite facilitation (Ezenwa et al. 2010; Moreau & Chauvin 2010; Taylor, van der Werf & Maizels 2012) . Specifically, we predicted that prior exposure to either ranavirus or Echinoparyphium would lead to facilitation of the subsequent parasite and increased host pathology through immune system trade-offs.
Materials and methods

amphibian collection and husbandry
The laboratory experiments focused on gray treefrogs (Hyla versicolor), while the mesocosm experiment examined an amphibian assemblage consisting of gray treefrogs, Northern leopard frogs (Lithobates pipiens), American toads (Anaxyrus americanus), spring peepers (Pseudacris crucifer) and wood frogs (Lithobates sylvaticus). All species except wood frogs were collected from a pond located less than 1 mile from our field site at the Purdue Wildlife Area (PWA) in West Lafayette, IN. The wood frog eggs were collected from a woodland pond in Nashville, IN and transported to the PWA. For spring peepers and gray tree frogs, we collected 5-13 breeding pairs (Table S2 , Supporting Information). Each pair was transferred to the PWA and placed in covered 15-L tubs filled with 8 L of filtered, UV-irradiated well water and allowed to oviposit overnight. After oviposition, the adults were removed and the egg masses were held in the tubs until hatching. All animals were collected as egg masses or directly from breeding pairs to prevent prior infection. There is no evidence that ranaviruses and echinostomes are vertically transmitted or able to penetrate the amphibian egg capsule (Haislip et al. 2011; Johnson, Kellermanns & Bowerman 2011) .
Once hatchlings reached the free-swimming stage (Gosner stage 25; Gosner 1960) , they were admixed and transferred to outdoor 100-L pools filled with c. 70 L of well water. For the remaining species, we collected 5-10 recently deposited egg masses, which were immediately placed in outdoor 100-L pools at the PWA and filled with c. 70 L of well water. The tadpoles were fed rabbit chow ad libitum until the start of the experiments. Tadpoles were brought inside and acclimated to laboratory conditions (23°C, 12 : 12 h day : night photoperiod) for 24 h prior to the start of each experiment.
trematode collection and maintenance
To obtain Echinoparyphium for the experiments, we collected adult ramshorn snails (Helisoma trivolvis) from local ponds at the PWA. Snails were screened for infection by isolating individuals and inducing shedding of the free-living stage of the parasite (cercariae) by placing the tube under a heat lamp for 2 h (Cohen, Neimark & Eveland 1980) . We used molecular sequencing to identify Echinoparyphium cercariae (Hua et al. 2016) . Infected snails were housed in 15-L tubs filled with 8 L of aged well water at a density of 3 L À1 and fed rabbit chow ad libitum until the start of the experiments.
ranavirus isolates
We used two ranavirus isolates in our experiments. In the first laboratory experiment, we used an isolate obtained from a die-off of larval salamanders in the Great Smoky Mountains National Park, TN. In the second laboratory experiment and the mesocosm experiment, we used an isolate obtained from an infected larval green frog (Lithobates clamitans) collected from the PWA. Both isolates were passaged through fathead minnow cells fed Eagle's minimum essential medium (MEM) with Hank's salts, containing 5% foetal calf serum. They were stored at À80°C until the start of the experiments. The isolates were on the third passage since original isolation. Because ranavirus isolates can vary in virulence, we conducted analyses comparing viral loads, growth, development and survival between hosts in our experiments.
laboratory experiment 1 : effects of prior trematode infection on ranavirus susceptibility
The experiment was a 2 9 2 9 3 factorial design ( Fig. S1 ) with two Echinoparyphium exposure treatments (0 or 50 cercariae), two virus treatments (0 or 10 3 plaque forming units [PFUs] mL À1 ) and three time points of virus addition (simultaneous with Echinoparyphium exposure, 5 days after exposure to Echinoparyphium or 10 days after exposure to Echinoparyphium). Because larval amphibians can potentially begin clearing trematodes several days after infection, the 5-and 10-day treatments were designed to capture the influence of this response on virus infection dynamics (Holland 2009 ). Each of the 12 treatments was replicated 20 times for a total of 240 experimental units. We included 30 additional experimental units (10 units for each Echinoparyphium-only treatment at each of the three time points) that were used to quantify and assess differences between the number of encysted Echinoparyphium across time. There were 15Á5 AE 3Á4 (mean AE 1 SE), 13Á9 AE 1Á6 and 19Á9 AE 1Á7 Echinoparyphium encysted 24 h after simultaneous infection, 5 days after exposure to Echinoparyphium and 10 days after exposure to Echinoparyphium, respectively. There was no evidence that the initial Echinoparyphium load varied across time (P > 0Á385).
We added a single tadpole (average mass = 89Á2 AE 7Á0 mg, Gosner stage 28; Gosner 1960) to each experimental unit, which consisted of 1-L tubs filled with 500 mL of filtered, UV-irradiated aged well water. On the following day (day 0), we exposed tadpoles to Echinoparyphium. To obtain cercariae, infected snails were placed in 50-mL tubes filled with 45 mL of aged well water and cercarial shedding was induced. We isolated cercariae using a stereo dissection scope and glass pipette. The cercariae were placed into 50-mL tubes containing 45 mL of aged well water and added to the experimental units within 4 h of counting to ensure cercariae survival (Evans & Gordon 1983 ). For treatments not assigned Echinoparyphium, we repeated this procedure by adding the same volume of water from an uninfected snail.
Virus exposures were conducted on days 0, 5 and 10 of the experiment. To each virus treatment, we added 455 lL of the virus (original titre 1Á1 9 10 6 PFUs mL À1 ) to achieve a final concentration of 10 3 PFUs mL À1 . We added 455 lL of MEM to the experimental units not assigned the virus treatment to serve as a control. Tadpoles were monitored daily for signs of disease (e.g. oedema, haemorrhaging and lethargy) and mortality. Tadpoles were fed ground TetraMin mixed with water ad libitum every 2 days and water was changed every 5 days to maintain water quality. The length of virus exposure was standardized to 2 weeks for each of the virus treatments. Consequently, we staggered the takedown of the treatments during the experiment. For treatments exposed to virus on day 0, 5 and 10, we took down the corresponding experimental units on day 14, 19 and 24, respectively. Because viral replication and cell death can occur within a few hours of infection and host death can occur within days, 2 weeks allowed for sufficient time to observe changes in viral dynamics within hosts (Gray, Miller & Hoverman 2009 ). For each takedown, tadpoles were euthanized using MS-222 and preserved in 70% ethanol.
laboratory experiment 2 : effects of prior ranavirus infection on trematode susceptibility
We conducted a second laboratory experiment to assess whether prior exposure to ranavirus influenced the infection success of later arriving Echinoparyphium. The experiment was a 2 9 2 factorial design with two Echinoparyphium exposure treatments (0 or 50 cercariae) and two virus treatments (0 or 10 3 PFUs mL
À1
). Each of the four treatments was replicated 20 times for a total of 80 experimental units. We included 30 additional experimental units (20 units for the virus treatment and 10 for the control treatment) to determine if mortality rates were similar to the virus isolate used in the first laboratory experiment.
The experimental units were 1-L tubs filled with 500 mL of filtered, UV-irradiated aged well water. We added an individual tadpole (average mass = 86Á9 AE 1Á7 mg, Gosner stage 29; Gosner 1960) to each unit. After allowing 2 days to acclimate to the laboratory, we initiated the virus exposure. To each virus treatment, we added 714 lL of the virus (original titre 7Á0 9 10 5 PFUs mL À1 ) to achieve a final concentration of 10 3 PFUs mL À1 .
We added 714 lL of MEM to the experimental units not assigned the virus treatment to serve as a control. We conducted the Echinoparyphium exposure 3 days after the virus exposures. Using the methods described under Experiment 1, we exposed the tadpoles to 50 Echinoparyphium or water from an uninfected snail. The virus and Echinoparyphium exposures were separated by 3 days to allow for successful viral infection while minimizing morbidity and mortality. Tadpoles were monitored daily for signs of disease (e.g. oedema, haemorrhaging and lethargy) and mortality. Tadpoles were fed ground TetraMin mixed with water ad libitum every 2 days. The experiment was terminated 2 days post Echinoparyphium exposure. Tadpoles were euthanized using MS-222 and preserved in 70% ethanol. The 30 additional units that were used to assess mortality associated with virus infection were monitored for 14 days post virus exposure.
mesocosm experiment: effects of trematode infection on ranavirus transmission within an amphibian community
The experiment was a randomized design composed of a factorial combination of two Echinoparyphium infection treatments (Echinoparyphium infections present or absent) crossed with two virus treatments (presence of infected or uninfected wood frogs). Each of the four treatments was replicated five times for a total of 20 experimental units. Our experimental units were 1000-L cattle tanks filled with 500 L of well water. To each tank, we added 30 g of rabbit chow to serve as an initial nutrient source, 50 g of oak (Quercus spp.) leaf litter to provide refuges and surfaces for periphyton growth, and a 1-L aliquot of pond water containing periphyton, phytoplankton and zooplankton from local ponds. We covered each tank with a 70% shade cloth lid to prevent colonization by insects and amphibians during the experiment. We allowed tanks to acclimate for 2 weeks prior to the addition of tadpoles.
We conducted Echinoparyphium exposures in the laboratory to ensure individuals were infected prior to addition to the tanks. We brought 400 individuals of American toads, gray treefrogs, leopard frogs and spring peepers into the laboratory to acclimate 24 h prior to Echinoparyphium infection. For each species, we placed 50 individuals into each of eight 15-L tubs filled with 8 L of UV-irradiated, aged well water. We then conducted the Echinoparyphium exposures by shedding 50 infected snails as described above. Every 30 min, snails were moved to clean water and the cercariae pooled into a single tub. From this tub, we collected five haphazardly selected 1-mL water samples to estimate the concentration of cercariae. The estimated concentration of cercariae was 7Á6 mL À1 AE 0Á9 SD. Based on this estimate, we added 350 mL of the water containing cercariae to the tubs with tadpoles to achieve a final exposure of c. 2600 Echinoparyphium. Echinoparyphium were added to the tubs within 4 h of shedding. For treatments not assigned Echinoparyphium, we repeated this procedure by adding the same volume of water from uninfected snails. Tadpoles were maintained in the tubs for 2 days to allow parasite encystment and fed ad libitum before being transferred to the tanks. For each species, 10 randomly selected individuals were used to determine the number of Echinoparyphium encysted prior to addition to the tanks. There were 7Á1 AE 1Á1 (mean AE 1 SE), 16Á5 AE 1Á8, 8Á0 AE 2Á0 and 13Á3 AE 1Á7 Echinoparyphium encysted in toads, gray treefrogs, leopard frogs and spring peepers respectively. We randomly selected 20 individuals of each species from the appropriate treatment for addition to the tanks (American toad, average mass = 14Á5 AE 1Á6 mg, Gosner stage 28; gray treefrog, average mass = 41Á1 AE 4Á4 mg, Gosner stage 28; leopard frog, average mass = 54Á7 AE 5Á3 mg, Gosner stage 26; spring peeper, average mass = 46Á4 AE 6Á0 mg, Gosner stage 31).
For the wood frogs, we conducted virus exposures in the laboratory to ensure individuals were infected prior to addition to the tanks. Our goal was to simulate natural routes of transmission (i.e. direct contact, shed virions in the water and necrophagy) in the tanks rather than simply adding a virus inoculum to the water (Brunner, Schock & Collins 2007; Brenes et al. 2014) . We brought 400 wood frogs into the laboratory to acclimate for 24 h prior to viral infection. We placed 25 individuals into each of sixteen 15-L tubs filled with 2 L of UV-radiated, aged well water. The virus exposures were conducted the following day using group exposures. We added 2Á9 mL of the virus (original titre 7Á0 9 10 5 PFUs mL À1 ) to achieve a final concentration of 10 3 PFUs mL À1 . For treatments not assigned virus, we added 2Á9 mL of MEM to the experimental units to serve as a control. Based on our laboratory experiment 1 (see below), we saw the greatest effect on disease outcomes for individuals exposed to Echinoparyphium 10 days prior to virus exposure. Thus, wood frogs were haphazardly selected and added to the tanks 10 days post Echinoparyphium exposure (wood frog, average mass = 68Á3 AE 5Á9 mg, Gosner stage 27; Gosner 1960). Prior to addition to the tanks, all virus-treated tadpoles were rinsed with water to remove potential virions adhering to the skin. The tanks were monitored daily for signs of disease, mortality and metamorphosis for 14 days post virus exposure. Individuals approaching metamorphosis were removed from the tanks (Gosner stage 42; Gosner 1960), euthanized using MS-222 and preserved in 70% ethanol. On 9 June, the experiment was terminated and the surviving tadpoles were euthanized using MS-222 and preserved in 70% ethanol.
sample processing
For all experiments, we weighed, staged and dissected each tadpole and viewed the tissues under a dissecting scope to quantify the number of encysted Echinoparyphium. The entire tadpole body was examined for metacercariae; however, all parasites were found in the kidneys. After quantifying Echinoparyphium load, we extracted kidney and liver tissues for use in viral testing. For each individual, the tissues were stored at À80°C for qPCR analysis. In addition, we examined 10% of all control individuals to confirm the absence of Echinoparyphium and ranavirus infection; all individuals were negative for parasites. To prevent cross-contamination, all tools and surfaces were soaked in 10% bleach for 10 min and gloves were changed between each dissection.
We conducted DNA extractions from the pooled liver and kidney sample from each individual using DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany). We used quantitative PCR (qPCR) to determine virus infection status and viral load following the methods of Forson & Storfer (2006 
statistical analyses
For the first laboratory experiment, our response variables included survival, ranavirus infection prevalence, ranaviral load and Echinoparyphium infection. We tested for differences in survival rates among treatments using Wilcoxon-Gehan D test (Pyke & Thompson 1986; Hoverman, Gray & Miller 2010) . We conducted a separate analysis for each of the timing treatments to assess the influence of Echinoparyphium and virus exposure on survival. We used a Fisher's exact test to examine differences in ranavirus infection prevalence among treatments. We excluded virus-free treatments from the analysis because no infections were detected in the individuals. We conducted several analyses on viral load. We used logistic regression to determine whether viral load was a predictor of mortality within the virus treatments. Additionally, we used a nonparametric Mann-Whitney U test to assess the influence of Echinoparyphium exposure on the distribution of viral loads. A nonparametric test was necessary because the assumption of normality was violated. We used Pearson's correlation to determine whether there was an association between Echinoparyphium load and viral load within coinfected individuals (Echinoparyphium + virus) across the timing treatments and whether there was an association between developmental stage and viral load in the virus treatments. We used a twoway analysis of variance (ANOVA) to examine the effects of virus presence and timing of virus exposure on Echinoparyphium infection. We calculated the proportion of encysted Echinoparyphium out of the 50 total administered. Those proportions were arcsine-square root transformed prior to analysis in order to meet the assumptions of homogeneity of variance. We excluded the Echinoparyphium-free treatments because no trematodes were present. Analyses were conducted using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) at a = 0Á05. For the second laboratory experiment, our response variables included Echinoparyphium load, ranavirus infection prevalence, ranaviral load and survival. We used an independent T-test to examine the effects of ranavirus on Echinoparyphium infection. We calculated the proportion of encysted Echinoparyphium out of the 50 total administered. We excluded the Echinoparyphium-free treatments because no trematodes were present. We used a Fisher's exact test to examine differences in ranavirus infection prevalence between the Echinoparyphium treatments. We conducted an additional independent T-test to examine the effects of Echinoparyphium exposure on ranaviral load (log 10 transformed). The virus-free treatments were excluded from the analysis. Analyses were conducted using SPSS 22.0 (SPSS Inc.) at a = 0Á05.
For the mesocosm experiment, our response variables included Echinoparyphium load, ranavirus infection prevalence, ranaviral load and final survival. We used generalized linear mixed effects models (GLMM) with a Poisson distribution to test for the effects of virus on Echinoparyphium load with mesocosm included as a random effect (R package lme4; R Development Core Team 2011). The no-Echinoparyphium treatments were excluded from the analysis because no infections were detected. We used GLMM with a binomial distribution to test for the effects of Echinoparyphium on ranavirus infection prevalence with mesocosm included as a random effect (R package lme4; R Development Core Team 2011). We used a linear mixed effects model to test for the effects of Echinoparyphium on log viral load with mesocosm included as a random effect (R package nlme; R Development Core Team 2011). The no-virus treatments were excluded from the analyses because no infections were detected. Additionally, we used Pearson's correlation to determine whether there was an association between Echinoparyphium load and viral load within each of the species. We ran an ANOVA to determine if Echinoparyphium, viral infection and the interaction between the two parasites influenced total survival within tanks. Finally, we ran a multivariate GLM to determine if Echinoparyphium, viral infection and their interaction affected final mortality for the four focal species. Wood frogs were excluded from all analyses given that mortality was 100% in the virus treatments. Pearson's correlations and ANOVA analyses were conducted using SPSS 22.0 (SPSS Inc.) at a = 0Á05.
We also conducted analyses to assess the influence of using different virus isolates on our experimental outcomes (ranaviral load, growth, development and survival) in the two laboratory experiments. For the analyses, we used individuals from the virus-only treatments, which were directly comparable. We used an independent T-test to examine the effects of ranavirus isolate on viral load, growth and development. We tested for differences in survival rates between isolates using a Wilcoxon-Gehan D test (Pyke & Thompson 1986; Hoverman, Gray & Miller 2010) . Analyses were conducted using SPSS 22.0 (SPSS Inc.) at a = 0Á05.
Results
laboratory experiment 1 : effects of prior trematode infection on ranavirus susceptibility
For each time point of virus addition, survival rates differed among the treatments (Wilcoxon-Gehan D 3 ≥ 17Á4, P < 0Á001; Fig. 1 ). Echinoparyphium infection alone did not reduce survival rates compared to the control across the time points (Wilcoxon-Gehan D 1 ≤ 1Á0, P ≥ 0Á310). However, ranavirus-alone, coinfection and the timing of ranavirus exposure did influence survival rates. With ranavirus exposure at day 0 and day 5, survival rates were lower in the virus treatments compared to the virus-free treatments (Wilcoxon-Gehan D 1 ≥ 11Á1, P ≤ 0Á002), which led to a 40% to 70% reduction in final survival. Survival rates were similar between the two virus treatments (Wilcoxon-Gehan D 1 ≤ 0Á8, P ≥ 0Á368). With ranavirus exposure at day 10, virus-alone reduced survival rates compared to the no-virus treatments (WilcoxonGehan D 1 ≤ 11Á1, P ≤ 0Á007), which lead to a 40 to 45% reduction in final survival. However, coinfection improved survival rates by 25% compared to the ranavirus-alone treatment (Wilcoxon-Gehan D 1 = 4Á7, P = 0Á030). Additionally, there was no difference in survival rate in the coinfection treatment compared to the control (WilcoxonGehan D 1 = 3Á3, P = 0Á068) or Echinoparyphium-only (Wilcoxon-Gehan D 1 = 1Á0, P = 0Á310) treatment.
Ranavirus infection prevalence was high in the experiment (average = 95Á8%; Fig. S3 ), but Echinoparyphium infection did not influence ranavirus infection prevalence within each timing treatment (Day 0, P = 0Á487; Day 5, P = 1Á000; Day 10, P = 0Á487). However, the distribution of viral loads was significantly lower in the Echinoparyphium treatments compared to the no-Echinoparyphium treatments (Mann-Whitney U = 1266, N = 115, P = 0Á032; Fig. 2 ). On average, individuals infected with Echinoparyphium had 9% lower viral loads (log-transformed). However, there was no association between Echinoparyphium load and viral load (r = 0Á035, P = 0Á395, N = 60). The logistic regression showed viral load as a significant predictor of mortality (v 21 = 53Á2, P < 0Á001). Moreover, there was a negative association between developmental stage and viral load (r = 0Á427, P = 0Á001, N = 60). We found no effect of ranavirus (F 1,113 = 0Á5, P = 0Á503), timing (F 2,113 = 1Á0, P = 0Á361) or their interaction (F 2,113 = 1Á7, P = 0Á192) on Echinoparyphium infection (average infection = 41Á7% AE 1Á7%; Fig. S2 ).
laboratory experiment 2 : effects of prior ranavirus infection on trematode susceptibility
When hosts were exposed to ranavirus prior to Echinoparyphium exposure, there was no evidence that the virus influenced Echinoparyphium infections (mean per cent infection AE 1 SE, virus = 55Á2% AE 1Á8%, no virus = 60Á1% AE 1Á2%, F 1,38 = 2Á4, P = 0Á131). Ranavirus infection prevalence did not differ between the Echinoparyphium (75%) and no-Echinoparyphium treatments (70%; P = 1Á000). In addition, log ranaviral loads did not differ between Echinoparyphium treatment (mean log load (viral copies ng À1 of DNA) AE 1 SE, 2Á8 AE 0Á2) and the no-Echinoparyphium treatment (3Á1 AE 0Á2; F 1,27 = 0Á2, P = 0Á702). Over the 7 days of the main experiment, no mortality occurred. However, we did observe mortality in the additional 30 individuals monitored for 14 days; survival was 100% for tadpoles in the control treatment and 45% for the virus treatment (Wilcoxon-Gehan D 1 = 6Á9, P = 0Á009).
mesocosm experiment: effects of trematode infection on ranavirus transmission within an amphibian community
Echinoparyphium infection success was similar between the no-virus and virus treatment for each species (American toad, t 8 = À1Á7, P = 0Á125; gray treefrog, t 8 = 1Á1, P = 0Á292; leopard frog, t 8 < 0Á1, P = 0Á985; spring peeper, t 8 = À0Á5, P = 0Á621; Fig. S4 ). Additionally, there was no effect of Echinoparyphium on ranavirus infection prevalence (American toad, t 8 = 2Á1, P = 0Á073; gray treefrog, t 8 = 0Á1, P = 0Á961; leopard frog, t 8 = 2Á0, P = 0Á078; spring peeper, t 8 = 2Á1, P = 0Á072; Fig. 3 ). However, we found that Echinoparyphium infection reduced the viral load of ranavirus-infected gray treefrogs (t 8 = À2Á7, P = 0Á026), leopard frogs (t 8 = À2Á4, P = 0Á040) and spring peepers (t 8 = À2Á3, P = 0Á054) compared to individuals that were not infected with Echinoparyphium. Using log-transformed viral loads, we observed a 19%, 27% and a 28% decrease in gray treefrogs, leopard frogs and spring peepers respectively. However, there was no effect of Echinoparyphium on the viral load of American toads (t 8 = À0Á2, P = 0Á817). There was no correlation
(c) Fig. 1 . Survival curves from Experiment 1 for H. versicolor tadpoles exposed to ranavirus at different time points following trematode addition: (a) simultaneous exposure, (b) exposure to ranavirus 5 days after Echinoparyphium addition and (c) exposure to ranavirus 10 days after Echinoparyphium addition. Tadpoles were monitored for 14 days following the ranavirus exposure.
between log viral load and Echinoparyphium load for any of the species (Pearson's correlation P ≥ 0Á053). For total tadpole survival, there was a significant effect of virus (F 1,16 = 96Á2, P < 0Á001), but no effect of Echinoparyphium (F 1,16 = 0Á1, P = 0Á745) or interactive effects (F 1,16 = 0Á2, P = 0Á691; Fig. 4) . Averaged across the Echinoparyphium treatments, ranavirus exposure reduced total tadpole survival by 34% compared to the virus-free treatment. We found a similar pattern for the survival of each species; there was a significant effect of virus (F 1,16 ≥ 23Á5, P < 0Á001), but no effect of Echinoparyphium (F 1,16 ≤ 1Á2, P ≥ 0Á290) or interactive effects (F 1,16 ≤ 0Á3, P ≥ 0Á585). Compared to the control, survival in the ranavirus treatment was 49%, 42%, 27% and 22% lower in American toads, gray treefrogs, leopard frogs and spring peepers respectively.
ranavirus isolates
We found no effect of isolate on viral load within hosts [t 30 = 1Á5, P ≥ 0Á144, mean log load (viral copies ng À1 of DNA) AE 1 SE, Smoky Mountain = 3Á6 AE 0Á9, PWA = 3Á1 AE 0Á9]. Additionally, we saw no effect of isolate on development (t 30 = 0Á7, P ≥ 0Á503, mean Gosner stage AE 1 SE, Smoky Mountain = 29Á7 AE 1Á6, PWA = 29Á4 AE 0Á6). However, we did see an effect of isolate on tadpole mass (t 30 = 4Á5, P < 0Á001, mean mass (mg) AE 1 SE, Smoky Mountain = 136Á0 AE 40Á6, PWA = 84Á1 AE 17Á1). Finally, Fig. 2 . The distribution of viral loads (log-transformed) for H. versicolor tadpoles in the no-Echinoparyphium and Echinoparyphium treatments. Within each treatment, the percentage of individuals that died within the viral load interval is shown in gray. In each panel, the sample size and mean rank of the data in the distribution are shown.
(a) (b) Fig. 3 . The effect of Echinoparyphium (no-Echinoparyphium (NE) and Echinoparyphium (E)) on (a) ranavirus prevalence (% infected) and (b) the viral load (log-transformed) of infected A. americanus, H. versicolor, L. pipiens and P. crucifer tadpoles in experiment 3. *Denotes significant differences (P < 0Á05) between values in NE and E treatments. Data are means AE 1 SE. survival rates did not differ between the isolates (Wilcoxon-Gehan D 1 ≥ 0Á02, P ≥ 0Á871).
Discussion
Hosts are infected by a diverse array of parasitic organisms in the wild (Pedersen & Babayan 2011) . Consequently, disease ecology has increasingly focused on understanding the influence of coinfection on disease outcomes for individual hosts and the implications for disease dynamics within host populations and communities (Pedersen & Fenton 2007; Graham 2008; Telfer et al. 2010; Hoverman, Hoye & Johnson 2013) . Using an amphibian-trematode-virus disease system, we demonstrated that coinfection and priority effects can influence disease outcomes in hosts.
Immunological theory predicts that the immune system faces trade-offs between responses to functionally different parasites (Ezenwa et al. 2010; Moreau & Chauvin 2010; Taylor, van der Werf & Maizels 2012) . Given that Echinoparyphium and ranavirus represented a macroparasite and a microparasite, respectively, we hypothesized that prior exposure to either ranavirus or Echinoparyphium would lead to an increase in infection success of the subsequent parasite, as well as increased host pathology. Counter to our predictions, ranaviral load was 9 to 28% lower in Echinoparyphium-infected hosts compared to hosts without Echinoparyphium infections in our experiments. Interestingly, there was no reciprocal effect of ranavirus on Echinoparyphium suggesting that the interaction between these two parasites was asymmetric. This is the first experimental study to explore coinfection with trematodes and ranaviruses. However, recent field surveys of amphibian populations in California have documented a negative relationship between echinostome loads and viral loads (W.E. Stutz, A.R. Blaustein, C.J. Briggs, J.T. Hoverman, J.R. Rohr & P.T.J. Johnson, unpublished data) . Although the immune responses of amphibians to coinfection by trematodes and ranaviruses have not been documented, the patterns are consistent with cross-reactive immunity (Pedersen & Babayan 2011; Hoverman, Hoye & Johnson 2013) .
Previous studies have demonstrated that facilitation can occur between functionally different parasites (Ezenwa et al. 2010; Ezenwa & Jolles 2011) . However, there is evidence that cross-reactive immunity can also occur (Borkow, Teicher & Bentwich 2007; Fenton 2013) . One mechanism that appears to explain cross-reactive immunity is immune evasion. In some cases, tissue dwelling helminths are able to evade the host's anti-macroparasitic T H 2 immune response (Moreau & Chauvin 2010) . Consequently, hosts have been shown to activate T H 1 immune responses that typically target microparasitic infections (Moreau & Chauvin 2010) . In larval amphibians (i.e. Xenopus laevis), the adaptive (e.g. CD8 T cells) and innate (e.g. inflammatory responses) immune systems are relatively immature and inefficient at responding to ranavirus infections (Gantress et al. 2003; De Jes us Andino et al. 2012) . However, De Jes us Andino et al. (2012) showed evidence that Xenopus tadpoles increase inflammatory responses following bacterial infection. If Echinoparyphium induces a similar increase in a T H 1 inflammatory response, this might lead to a beneficial response by the host and possibly explain the lower viral loads occurring within the coinfected larvae. Additional research characterizing the immune responses of larval amphibians to coinfection with Echinoparyphium and ranavirus will be necessary to identify the mechanism underlying our results.
We also found that Echinoparyphium infection reduced the likelihood of host mortality in our laboratory experiment. However, these effects were sensitive to the timing of ranavirus exposure post Echinoparyphium infection. Coinfection only reduced mortality when ranavirus exposure occurred 10 days following Echinoparyphium infection. Given that viral load was a significant predictor of mortality in the experiment, these results suggest that viral load must be reduced below a threshold to have an impact on host survival. For instance, individuals tended to survive exposure to ranavirus when their viral loads were below c. 4000 viral copies ng À1 of DNA, which was more likely if exposed to Echinoparyphium (Fig. 2) . Another critical factor in these results could be the size or developmental stage of the tadpoles when they were exposed to ranavirus; larger or more developed individuals could be more resistant and tolerant of infection. For instance, Haislip et al. (2011) demonstrated that more developed Cope's gray treefrog (Hyla chrysoscelis) larvae were less susceptible to ranavirus infection and experienced less mortality than less developed larvae. In our experiments, viral load was negatively correlated with developmental stage and individuals exposed to ranavirus 10 days following Echinoparyphium infection were more developed. Collectively, these results suggest that disease outcomes associated with coinfection can be sensitive to the temporal separation between parasite exposures, which could be a function of changes in host traits that influence susceptibility. Within the mesocosm experiment, viral loads were lower in the Echinoparyphium treatments, but there was no difference in mortality between the no-Echinoparyphium and Echinoparyphium treatments. Compared to the laboratory experiment, viral loads were generally an order of magnitude lower in the mesocosm experiment. Although we used two different ranaviral isolates for our experiments, our analyses suggest that they had similar effects on the hosts. Based on our two laboratory experiments, we saw no effect of isolate on viral loads or host development and survival. However, there was a slight difference in mass between the isolates. Despite this difference, we observed similar disease outcomes across experiments, suggesting that these patterns may be robust across various isolates. However, additional molecular characterization and virulence studies are needed with these isolates. The lower viral loads in the mesocosms could be attributed to a slower, more natural route of transmission (i.e. direct contract, necrophagy and shed virions) compared to the direct addition of virus to the laboratory tubs (Brunner, Schock & Collins 2007) . For instance, infection prevalence in the surviving individuals was not 100% suggesting that these individuals were not exposed to ranavirus or they were resistant to infection (Hoverman, Gray & Miller 2010) . If the experiment was conducted for a longer time frame to increase exposure rates and ranavirus incubation time, it is possible that changes in disease outcomes could have been observed. However, it is possible that we underestimated the viral loads within the mesocosms because we did not attempt to remove dead individuals for testing.
Prior infection of Echinoparyphium did not influence viral loads for American toads. Interestingly, toads had the lowest Echinoparyphium load (c. six echinostomes), which could be due to species-level variation in susceptibility to the parasite (Holland 2009 ). For the other species, Echinoparyphium loads were above 10 and 20 in the mesocosm and laboratory experiments respectively. This suggests that there may be a threshold level of Echinoparyphium infection needed to reduce viral loads within amphibian hosts. Macroparasite infections are characterized by dose-dependent effects on host pathology and mortality (Anderson & May 1978) . Consequently, the outcome of interactions between coinfecting macroparasites and microparasites could be sensitive to exposure dosages, which is largely unexplored in coinfection studies. In our experiments, Echinoparyphium infection alone did not cause pathology or mortality. While the Echinoparyphium loads in our experiments coincide with loads found in wild populations, higher loads have been observed and are known to cause morbidity and mortality (Holland 2010; Johnson & Buller 2011) . If Echinoparyphium loads are high enough to increase host pathology, it is possible that the relationship between ranavirus and Echinoparyphium could shift to facilitation resulting in increased ranaviral loads and host mortality. Thus, studies including a broader range of Echinoparyphium loads may reveal complexity in the interaction with ranavirus within hosts.
The influences of coinfection, priority effects and timing of parasite exposure on host survival have implications for understanding macroparasite transmission (Graham et al. 2007; Randall et al. 2013) . Because Echinoparyphium has a complex life cycle, infected tadpoles must be consumed by definitive hosts (e.g. birds and mammals) to complete the parasite's life cycle. Ranavirus-induced mortality can act to reduce Echinoparyphium transmission by removing infected individuals from the population. However, our laboratory results suggest that host survival was higher when there is temporal separation between Echinoparyphium and ranavirus infection. Thus, coinfection could be beneficial for Echinoparyphium assuming that ranavirus exposure occurs later in development. While the timing of ranavirus introduction into aquatic habitats remains unexplored, we would expect substantial variation given that ranaviruses are multi-host parasites (Gray, Miller & Hoverman 2009 ). For instance, adults can introduce ranaviruses into a pond during breeding activities (Brunner et al. 2004) , which occur at various times during the spring and summer for different species. Future research examining the temporal dynamics of ranavirus introduction into pond systems will be critical for assessing the cascading effects on other parasites in these systems.
Disease ecology has increasingly emphasized the importance of applying community ecology principles to understand within-host parasite interactions (Johnson, de Roode & Fenton 2015b) . Like free-living communities, parasite communities are influenced by factors such as competition (e.g. space and host resources), predation (e.g. intraguild predation and host immune responses), community assembly and priority effects (Rynkiewicz, Pedersen & Fenton 2015) . Because host pathology is linked to parasite establishment, persistence and replication, research addressing the importance of these factors for driving the outcome of within-host parasite interactions is needed. Our work demonstrates that macroparasitic infections can be beneficial for hosts challenged with microparasites. While this result appears to be mediated by cross-reactive immunity, the next step is to identify the specific immunological mechanisms underlying the pattern. We also observed that the timing and order of parasite exposure (i.e. priority effects) were important for understanding within-host parasite interactions and disease outcomes. This finding is consistent with previous studies examining priority effects in both invertebrate and vertebrate species (Ulrich & Schmid-Hempel 2012; Hoverman, Hoye & Johnson 2013; Echaubard et al. 2016) , suggesting that priority effects may be common in disease systems. Given that hosts are likely to encounter substantial heterogeneity in the timing of parasites exposures in natural communities, priority effects can potentially influence parasite community structure within hosts, and consequently, host pathology and parasite transmission. Finally, there is a need to explore these patterns in wild populations, and begin examining how other stressors (i.e. natural and anthropogenic) may alter these trends. #13020008231). Collection of egg masses was approved by the Indiana Department of Natural Resources (IDNR; Collection Permit 14-003). This research was supported by the National Institutes of Health, Ecology and Evolution of Infectious Diseases Program grant R01GM109499. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
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